All members of the genus Foeniculum Mill. accumulate volatiles, including terpenoid and phenylpropanoid compounds. The genus shows a large diversity from both the morphological and chemical points of view. Based on the former morphophenological systematization, two subspecies (subsp. piperitum and subsp. capillaceum) and three varieties (var. vulgare, var. dulce, and var. azoricum) were distinguished. As a result of detailed analysis of 185 gene-bank accessions and evaluation of literature references a more sophisticated chemical classification of the genus has been completed by us.
Foeniculum vulgare Mill. and its related species have been utilised as medicinal plants and spices for centuries [1] . The genus shows a large diversity from both morphological and chemical points of view. According to the conventional system two subspecies and three varieties having practical importance were distinguished ( Table 1 ).
The drugs of F. vulgare subsp. capillaceum var. vulgare (bitter fennel) and subsp. capillaceum var.
dulce (sweet fennel) are referred to as fennel, and are authorised by most of the European and other pharmacopoeias. The fruits of both varieties are discussed in the ESCOP Monographs [2] under the title 'Foeniculi fructus -Fennel'. According to the ESCOP monograph, bitter fennel consists of the dry, whole cremocarps and mericarps of var. vulgare. It contains not less than 4.0% of essential oil, which contains not less than 60% of (E)-anethole and 15.0% of fenchone. Sweet fennel consists of the same Table 1 : Relation between the morho-phenological classification and oil accumulation characteristics of Foeniculum vulgare, according to the literature references [15] . Especially the production of 'bulb fennel' is increasing. Success achieved in the cultivation of 'bulb fennel' has been reported by many authors [3] [4] [5] [6] [7] .
Ratio of essential oil components (%), characterized by minimum and maximum values given in literature references
Large-scale cultivation of F. vulgare is carried out in many countries of central and southern Europe, in Asia (India, China, Japan, and Indonesia), in Egypt [8] and Argentina. The increase in Australian fennel production has also been reported [9] . However, the comparison of results achieved either in practical or theoretical work is often difficult because of lack of exact identification of plant material. The morphophenological characteristics of fennel populations do not form distinct groups, even at the varietal level. On the other hand, chemical variation is present at each level of taxonomic ranking, which does not always coincide with morpho-phenological features. Comparison of minimum-maximum values of essential oil compounds measured by different working groups (Table 1 ) provides a rather confusing picture. Therefore, in the present work, we make an attempt at the proper chemotaxonomic systematisation of the genus based on our own investigations, as well as on other results recently published.
Anatomical background of oil accumulation
Many species of Apiaceae are able to accumulate essential oils in both roots and aboveground parts. However, the existence of the specialised tissues and cells is one of the preconditions of the accumulation processes. In the case of F. vulgare roots, the presence of two types of schizogenous oil ducts was identified by Stahl-Biskup and Wichtmann [10] . They also proved that the essential oil composition of the root correlates with the oil duct structure. While in the primary oil ducts the presence of apiole, (E)anethole and limonene dominates, in the secondary oil ducts the accumulation of myristicin, terpinolene and apiole is the most characteristic. However, the formation of the oil ducts in the fruit has much more importance from both the practical and theoretical points of view. In our anatomical investigations [11] it was proved that the oil ducts (vittae) appear in the early stages of development of the generative organs, even at the time of bud formation. The area of oil ducts is increasing up to the half ripened stage of the fruits. The oil ducts are more or less spherical at the beginning of the fruit development and later they became ellipsoid. The lumina of the oil ducts are surrounded by epithelial cells. The thickness of these cells decreases during maturation, as the cells follow the transversal elongation of the fruit wall cells. The fruit growth is very intensive in the last two steps of the fruit maturation process as a result of the proliferation of the endosperm tissue. The intensive increase in the seed volume compresses the fruit wall, where the cells are transversally elongated. This compression, together with the drying of the fruit wall (fruit maturation), decreases the area of the oil ducts.
Quantitative aspects of oil accumulation in the fruit
Changes in the levels of accumulation of essential oil with the time of fruit development have been reported by many authors [1, 11, 12, 13, 14] . The highest oil content was found in green fruits (3-4 mm long) by Tóth (16) and Bernáth (15) , while Bernáth et al. (17) measured it in fruits at the waxy stage, and Paukov et al. (18) and Trenkle (19) in mature fruits. These contradictory results can be explained easily by the complex changes in the accumulation processes of primary and secondary assimilates. For these processes, mathematical fitting of dry-mass production (mg/fruit), essential oil yield (µL/one ovary or fruit) and relative amount of oil (in %) was calculated [11] . The model fitted to the changes of the essential oil percentage is a polynomial one, while those calculated for the dry mass and essential oil yield show a saturation type of equation ( Figure  1 ). As a result, the maximum yield of both essential oil and dry matter are found at the ripening phase, while the relative oil content shows its maximum much earlier at the green fruit stage when the accumulation process of starches is just about to start. 
Qualitative aspects of oil accumulation in the fruit
The main essential oil compounds, playing the most important role in the chemical classification of fennel, are formed in both the terpenoid and shikimate [20, 21] pathways ( Figure 2 ). There are several publications that describe the biosynthesis of oil compounds of terpenoid origin, with many of the proteins and genes involved in this pathway having been purified and cloned [22, 23] . However, little is known about the biosynthesis of phenylpropenes and their derivatives, including anethole and methyl cavicol. Labeling experiments with phenylalanine (Phe) show that Phe could be the main precursor [24] [25] [26] [27] . Gang and co-workers [28] proposed an inferential biosynthetic pathway. The first step of phenylpropane biosynthesis is the deamination of Phe to cinnamic acid, which is likely to be catalyzed by Phe ammonia lyase (PAL). The next step is the formation of p-coumaric and ferulic acids from cinnamic acid. Some steps leading to the production of chavicol after the formation of ferulic and coumaric acids are not known.
Figure 2:
The main pathways of terpenoid and phenylpropane biosynthesis [20, 21] playing an important role in the chemical classification of fennel.
With the contribution of cinnamoyl-CoA reductase and cinnamyl alcohol dehydrogenase, p-coumaryl aldehyde and p-coumaryl alcohol may be formed as precursors of chavicol. The last step, the addition of the methyl group to the 4-OH, has been described by Wang et al. [29] , Wang and Pichersky [30] , and Lewinsohn et al. [31] . The importance of the final methylation process in the formation of both methyl cavicol and (E)-anethole was proved by an Israeli group [32] . They proved that in cell-free extracts of bitter fennel, O-methyltransferase is able to convert methyl chavicol and t-anethol to methyl cavicol and t-anethol, respectively, utilizing S-adenosyl-Lmethionine as a methyl group donor. These final steps of biosynthesis seem to be strictly regulated and present in each fennel taxon. No methylcavicol free population has been found till now [33] . However, the genetically determined formation and accumulation of the above mentioned compounds can be modified by internal and external factors. Trenkle [19] and Paukov et al [18] observed some changes in the accumulation level of α-pinene, fenchone and trans-anethole in the course of fruit development. In a F. vulgare subsp. capillaceum var. dulce population, green fruits were found to be richer in fenchone than brown fruits [34] , while the data of Paupardin et al. [35] reflect an increased fenchone accumulation, especially between the inflorescence and green fruit stages. In spite of these fluctuations during ontogenesis the compositional character of oil distilled from ripe fruits seem to be rather stable. The qualitative characteristics of developed fruits show only slight changes, depending on either the number of vegetation cycles or the weather conditions of the year. In long-term investigations [12] this phenomenon was proved by the example of cv. ′Soroksári′. The ratio of anethole varied within a very tight range between 64.5-70.4%, while fenchone accumulated between 19 and 24% and the ratio of methyl chavicol was never higher than 4.%.
The relative stability of the (E)-anethole, fenchone and methyl cavicol contents in the fruit samples was proved also by Bernáth et al. [17] analysing different F. vulgare subsp. capillaceum var. vulgare populations of different origin. It was supported by data of Raouffard and Omidbaigi [36] , who found that the cv. "Soroksari" had practically the same compositional characteristics under the extremely different ecological condition of Iran and Hungary. Minor constituents, especially α-toluene, α-terpinene, and β-phellandrene, show some variability depending on the environmental and growing conditions, and are, therefore, less useful for chemotaxonomical classification [37] .
Systematization of the genus based on chemical characteristics
In the literature, the fruit oil is mainly used for chemical characterization. However, contradictory results may arise from the fact that authors are often leaving out the exact morpho-phenological definition of the studied taxa. Usually F. vulgare, the name of the species, is the only definition, without any intraspecific detail. Even in the recent work of Krüger and Hammer [38] , the plant material is characterised as a "gene-bank collection" of fennel. Only general terms, like types and ecotypes, are used in many other works, for instance in the publications of Lithuanian [39] , Egyptian [40] , Italian [14] , and Serbian [41] [47] , the results were based on the analysis of either only one or a few populations. Therefore, 185 gene-bank accessions of different origin have been analysed by us between 1994 and 2002 under open field conditions. The production characteristics, both biological and chemical, of the accessions were described [48] . Evaluating the results of this long-term experiment and the collected literature data, suggestions for chemical classification of the genus were evolved.
Taking into consideration the former attempts for the intraspecific chemical classification of F. vulgare [43, 44, 49] , our suggestion is given in Table 2 . According to the system, F. vulgare subsp. piperitum consists of two chemovarieties. In the case of F. vulgare subsp. capillaceum var. vulgare, three chemovarieties (anethole, fenchone and methyl chavicol types) and four chemoforms (segregated by different ratios of anethole and methyl chavicol) were identified. The three chemovarieties of F. vulgare subsp. capillaceum var. dulce can be distinguished according to the accumulation levels of anethole and methyl chavicol. In contrast to the chemical diversity of the above mentioned taxa, F. vulgare subsp. capillaceum var. azoricum shows restricted chemical variability.
